Post-menopausal condition augments the biological aging process, characterized by multiple metabolic disorders in which bone loss is the most prevalent outcome and usually coupled with sarcopenia. Coexistence of such associated pathogenesis have much worse health outcomes, compared to individuals with osteoporosis only. Pre-and post-natal bone development demands calcium from mother to fetus during pregnancy and lactation leading to a significant maternal skeletal loss. It follows an anabolic phase around weaning during which there is a notable recovery of the maternal skeleton. Here, we have studied the therapeutic effect of microRNA-672-5p identified during weaning when it is predominantly expressed, in ovariectomized mice for both osteopenia and sarcopenia. miR-672-5p induced osteoblast differentiation and mineralization. These actions were mediated through inhibition of Smurf1 with enhanced Runx2 transcriptional activation. In vivo, miR-672-5p significantly increased osteoblastogenesis and mineralization, thus reversing bone loss caused by ovariectomy. It also improved bone-mineral density, load-bearing capacity, and bone quality. Sarcopenia was also alleviated by miR-672-5p, as we observed increased cross-sectional area and Feret's diameter of muscle fibers. We hypothesize that elevated miR-672-5p expression has therapeutic efficacy in estrogen-deficiency-induced osteopenia along with sarcopenia.
INTRODUCTION
Diminution of bone and muscle with increasing age depicts a vast threat to loss of self-standing in later life. 1 Post-menopausal conditions expedite the biological aging process and represent multiple metabolic disorders. 2 However, the reduction in bone mass is the most important biological consequence after menopause and commonly accompanied with sarcopenia. Coexistence of such integrated pathogenesis has considerably worse health consequences than for the individuals with osteoporosis only. Some clinical studies from Italian and Korean populations reported that 58% high prevalence of hip fracture and significant low bone-mineral density (BMD) in individuals with sarcopenia, respectively, indicate a higher risk of fractures. 3, 4 Interestingly, mechanical effect of muscle loading directly regulates bone strength. 5 Wasting of bone and muscle mass simultaneously, both in normal aging and pathological conditions, can lead to increased risk of fracture and immobility. 6 Loss of muscle mass can lead to poor balance and falls, and these falls are probably responsible to increase the chances of fractures due to the inability of bones to bear load in osteoporosis conditions. 6 Unfortunately, there is no current anti-osteoporotic drug that prevents menopause-associated loss of bone and muscle mass. Hence, an approach to concurrently attenuate menopause-associated bone and muscle loss would now be regarded as an exemplary molecular pharmacotherapy.
Currently, studies in therapeutic discovery have shown the notability of microRNAs (miRNAs) that control bone homeostasis and remodeling during normal and osteoporotic conditions. [7] [8] [9] miRNAs are now emerging to play an important role in skeletogenesis. 10 Particularly, the conditional deletion of the miRNA-processing Dicer in osteoblast lineage cells reveals a direct need of miRNAs in embryonic skeletogenesis, post-natal bone growth, modeling, as well as remodeling. 11 Small non-coding RNAs, also known as miRNAs, effectuate translational repression or degradation of a transcript by binding of miRNAs to complementary sequence sites of the target mRNAs. This allows successful control of gene expression over genomic interactions between transcription factors and their associated elements. Here, we investigate the role of miRNA-672-5p identified at the time of weaning, and that is an anabolic target to the skeleton. 12 Recently, we investigated miRNA expression during lactation and weaning, the two phases of reproduction distinguished by noticeable variations in bone formation and resorption. 12 There is an intense maternal bone loss during lactation to manage the requirement of calcium for post-natal skeletal growth and modeling. However, this bone loss is restored by the quick new bone formation that renews the maternal skeleton during weaning. 13 If these procedures begin to be uncoupled, then pregnancy-and lactation-related osteoporosis develops. 13 There is proof for interconnection between breastfeeding and fractures, strengthening the proposition that prolonged lactation may lead to a substantial risk of osteoporosis-associated fractures in post-menopausal women. 14 Corroborating the ability and distinctiveness of this quick remodeling phase, rodents, which usually suckle many offspring during lactation period of 21 days, can lose their bone-mineral content up to the level of 35%. This loss of bone is restored totally after weaning. Therefore, the weaning phase is regarded as the most anabolic phase in the reproductive window of a rodent and gives a vital window to identify new anabolic targets. [15] [16] [17] Previously, we have identified eight miRNAs, and their expressions were modulated basically during weaning. 12 Further, we selected to investigate the role of miR-672-5p on the osteoblast both in vitro and in vivo as well as on ovariectomized (OVx)-induced sarcopenia. Ovariectomy represents a well-known model of post-menopausalinduced osteopenia where sarcopenia occurs concurrently, 18 hence mimicking the human post-menopausal situation. In this study, using the OVx mouse model, we studied the effect of miR-672-5p in restoring osteopenia and sarcopenia. Finally, we conclude that miR-672-5p encourages osteoblast differentiation, mineralization, and bone formation, attenuates OVx-induced sarcopenia, and, therefore, that it might not only intervene in skeletal recovery after weaning and OVx-induced sarcopenia, but also have wider implications as a potential target for conditions of menopause-induced loss of bone and muscle.
RESULTS

miR-672-5p Represses Smurf1 to Promote Osteoblast Differentiation
We had identified eight miRNAs in bone-marrow-derived osteoblasts whose expressions were differentially regulated between lactation and weaning. 12 Notably, out of a total 4,716 detected miRNAs, the expression of miR-672-5p, miR-874-3p, miR-327, miR-451, and miR-212 was increased, while the expression of miR-204, miR-322-3p and miR-664 was decreased during weaning. 12 Further, these miRNAs were validated by qPCR in osteoblasts derived from bone marrow cells BMCs and/or primary calvarial osteoblasts. 12 Significant increase in miR-672-5p (miRNA precursor stem-loop secondary structure; Figure 1A ) during weaning (in osteoblasts derived from BMCs) and in calvarial osteoblasts, 12 with notable expression in bone, skeletal muscle, liver, and kidney ( Figure 1B ), suggested it to be an important target. Moreover, the expression of miR-672-5p enhanced significantly during osteoblast differentiation ($13.0 fold) and mineralization ($4.0-fold), compared with proliferation stage ( Figure 1C ).
Transfection with miR-672-5p mimic in osteoblasts enhanced their differentiation. Alkaline phosphatase (ALP) activity ( Figure 1D ) and mineralizing ability ( Figure 1E ) were enhanced significantly, consistent with the higher forms of a mineralized nodule of osteoblastic colony-forming units (Cfu-ob) ( Figure 1F ), whereas the miR-672-5p inhibitor (anti-miR-672-5p) significantly decreased ALP activity, mineralization, and Cfu-ob colonies ( Figures 1D-1F ).
We aimed to predict the mRNA target gene for miR-672-5p using TargetScan and miRBase. Smurf1 was found to be the putative target gene, which revealed a seven-nucleotide seed sequence match with miR-672 in the 3 0 UTR ( Figure 1G ). Smurf1 inhibits osteoblast Figure 1 . miR-672-5p Represses Smurf1 to Promote Osteoblast Differentiation (A) Stem-loop structure of miR-672 predicted by miR-base (the mature miR-672-5p sequence is shown in green). (B and C) Expression (qPCR, in triplicate) of miR-672-5p in different tissues (B) and cells, i.e., in osteoblasts during proliferation, differentiation, or mineralization (C). Data are mean ± SE. *p < 0.05 and ***p < 0.001 compared with proliferation stage of osteoblasts. (D-F) Effect of transfection of osteoblasts with the mimic (miR-672-5p), inhibitor (anti-miR-672-5p), and miR-C (control) on ALP (alkaline phosphatase) activity (OD, n = 8) (D) and mineralization (OD, n = 4) (E). differentiation and bone formation in vitro and in vivo, and downregulation of Smurf1 increases bone formation. [19] [20] [21] To check whether miR-672-5p can directly target Smurf1, a luciferase reporter assay was done, which contained the wild-type 3 0 UTR of Smurf1 ( Figure 1H ). In addition, a luciferase reporter construct (an empty plasmid vector) was also used as a negative control. The wild-type and negative control luciferase expression vectors were co-transfected with either mimic of miR-672-5p or miR-C in calvarial osteoblasts, and then levels of luciferase activity were estimated. Transfection of miR-672-5p mimic repressed the luciferase activity, confirming the specificity of the action ( Figure 1I ). Additionally, by qPCR analysis, we also checked the expression of Smurf1 during osteoblast differentiation, corroborating the data of miRNA-672-5p endogenous expression ( Figure 1J ).
In agreement with in silico information and luciferase data, we noticed that the mimic of miR-672-5p inhibited Smurf1 expression; in contrast, the inhibitor stimulated its expression in primary mouse calvarial osteoblast cells ( Figure 1M) , with confirmation at the protein level ( Figure 1N ). On one hand, with mimic, qPCR analysis disclosed increased expression of osteogenic genes, including Runx2, BMP2, Smad1, and ALP in osteoblasts; on the other hand, these effects were reversed with the inhibitor ( Figure 1M ). Taken together, data suggests that miR-672-5p stimulates osteoblast differentiation and mineralization.
To examine this process, co-transfection of the Runx2 promoter (pRunx2-Luc) (catalog no. MPRM13038, GeneCopoeia) was done, and the mimic of miR-672-5p promoted Runx2 promoter activity ( Figure 1L ) that revealed that miR-672-5p promoted osteoblast differentiation by directly targeting Smurf1 and indirectly protecting Runx2. In addition, the levels of BMP2 (in conditioned media) was increased with mimic and reversed with inhibitor ( Figure 1K ).
We subsequently investigated whether Smurf1 suppression was necessary for miR-672-5p-induced Runx2 activation throughout osteoblast differentiation. Silencing of Smurf1 with small interfering RNA (siRNA) in osteoblasts enhanced ALP activity ( Figure 1O ), Cfu-ob formation ( Figure 1P ), and mineralization ( Figure 1Q ) when compared with scrambled siRNA. Moreover, we evaluated the expression of Runx2 and its target genes including BMP2, Smad1, and ALP, in Smurf1-deprived cells, which showed a remarkably enhanced expression of Runx2 and its target genes at the mRNA levels ( Figure 1R ). In addition, Smurf1, Runx2, and BMP2 expressions at protein level were also confirmed ( Figure 1S ). Data from the knockdown study indicate that Smurf1 downregulation was required for miR-672-5p-induced Runx2 activation in osteoblast differentiation ( Figures 1R and 1S ).
In Vivo Validation of miR-672-5p Restores Ovariectomy-Induced Bone Loss and Biomechanical Properties
To study the anabolic response of miR-672-5p in vivo system, we administered the mimic of miR-672-5p (7.0 mg/kg) or scrambled miRNA (7.0 mg/kg) or PBS (0.2 mL, as vehicle) intravenously through tail vein in OVx or sham-operated mice for 6 weeks on days 1-3 of the first, third, and fifth weeks ( Figure 2A ). 12 We first estimated the expression of miR-672-5p in bone tissues to show successful in vivo tissue delivery and uptake in OVx and sham-operated mice ( Figure 2B ). We next assessed trabecular bone at three sites, including femoral and tibial metaphyses and the vertebral column. Representative 3D images of femoral ( Figure S1A ) and tibial ( Figure 2C ) metaphyses were generated by micro-computed tomography (m-CT). We noticed that OVx mice showed decreased volumetric BMD (vBMD) at all three sites including femur (by $24%) ( Figure S1B ), tibia (by $36%) ( Figure 2D ), and the vertebral column (by $22%) ( Table 1) compared with corresponding sham-PBS mice. As believed, OVx mice showed decreased bone volume to tissue volume (BV/TV), trabecular number (Tb.N), and connection density (Conn.Dn) and increased trabecular separation (Tb.Sp), trabecular pattern factor (Tb.Pf), and structure model index (SMI) at femoral ( Figure S1C ) and tibial ( Figure 2E ) sites. Compared with corresponding sham-PBS mice, the significant loss of trabecular bone in femur (BV/TV by $34%) and tibia (BV/TV by $45%) in OVx mice was moderately restored (femur, BV/TV by $62%; and tibia, BV/TV by $101%) by the miR-672-5p mimic; in contrast, miR-C and vehicle were both inefficacious ( Figure S1C and Figure 2E ). Next, we assessed trabecular bone of vertebra column and found the same results as in the case of femur and tibia except for Tb.Sp (Table 1 ). In addition, we observed that the mimic enhanced femoral bone mechanical parameters, including power (by $83%), strength (by $155%), and stiffness (by $40%) ( Figure S1D ), not only in OVx but also in sham-operated mice. Vertebral column mechanical strength (by $44%) and stiffness (by $40%) ( Table 1) were also increased by mimic in OVx mice.
miR-672-5p Treatment Has an Anabolic Effect and Promotes Bone Formation
On one hand, immunohistochemistry data showed that the expression of the Smurf1 protein was increased in the bone of OVx mice and reversed by the mimic treatment by increasing the expression of the Runx2 protein ( Figure 3A ). GT (Goldner's trichrome) staining Figure S1 and Table 1 for femur and vertebrae, respectively.
representative images ( Figure 3B ) and data showed significant enhancement in bone surface density (BS/TV) with miR-672-5p treatment ( Figure 3C ). On the other hand, because miR-672-5p enhanced osteoblast differentiation in vitro, we assessed serum P1NP, an established osteogenic agent. OVx mice showed a significant decrease in P1NP compared with sham-operated animals, and miR-672-5p increased it to sham levels ( Figure 3D ). These noticeable anabolic functions were also proved by an intense effect on indices of bone formation (calcein double-labeling representative images; Figure 3E) ; specifically, significant enhancement in mineralizing surface per bone surface (MS/BS), mineral apposition rate (MAR), and bone formation rate/bone surface (BFR/BS) ( Figure 3F ). In addition, OVx mice resulted in bone resorption, as shown by the high number of osteoclasts per bone surface (Oc.N/BS) and the greater percentage of surfaces covered by osteoclasts (Oc.S/BS) than sham-operated mice 22 (Figures S2A-S2C ). OVx mice treated with miR-672-5p did not affect the Oc.N/BS and Oc.S/BS compared to either OVx-PBS or OVx-miR-C treated mice ( Figures S2A-S2C ), and this data is consistent with previous reports that alteration of smurf1 does not affect osteoclast function. 19, 20, 23 miR-672-5p Treatment Represses Smurf1 In Vivo to Promote Osteoblastogenesis
To investigate the mechanism of the accruement in bone mass at cellular levels by miR-672-5p, we flushed out BMCs in osteoblast differentiation medium after 6 weeks of treatment. In ex vivo culture, OVx mice showed a depletion in ALP activity ( Figure 4A ), mineralization ( Figure 4B ), and formation of Cfu-ob ( Figure 4C ), accordant with low-turnover loss of bone. However, neither miR-C nor vehicle influence these ex vivo parameters, but the mimic relatively increased ALP activity, mineralization, and formation of Cfu-ob ( Figures  4A-4C) . Moreover, consistent with in vitro transfection data (Figure 1) , the expression of Runx2 and BMP2 was enhanced (and Smurf1 suppressed) in bone tissues at mRNA (Figures 4D-4F ) and protein ( Figure 4G ) level from miRNA-672-5p mimic-treated mice compared with miR-C or PBS-vehicle-treated mice. These data demonstrate that the in vivo anabolic function of miR-672-5p is mediated through Smurf1 suppression and Runx2 activation. Additionally, an absence of in vitro action of miR-672-5p was documented on osteoclastogenesis from bone marrow cell cultures 24 (Figures S2D-S2F ).
miR-672-5p Treatment Mitigates Ovariectomy-Induced Sarcopenia
As it is reported that OVx rodents displayed a decrease in lean mass, 18 we next examined gastrocnemius muscle to investigate sarcopenia (muscle atrophy). At the end of 6-week treatment, body weight (Figure 5A ) and lean mass ( Figure 5B) were measured. To demonstrate sarcopenia in OVx animals, we estimated serum levels of creatine kinase, which is an indicator of skeletal muscle destruction. Serum levels of creatine kinase were higher in OVx mice compared with sham mice but were significantly lower in miR-672-5p mimic mice ( Figure 5C ). Histological analysis using H&E stain ( Figure 5D ) revealed a reduction in both cross-sectional area ( Figure 5E ) and Feret's diameter ( Figure 5F ) in OVx mice compared with sham, and miR-672-5p mimic significantly enhanced both parameters over OVx (Figures 5Eand 5F ). Laminin, a protein of the extracellular matrix, is found in the basement membrane of muscle fibers, and a stable staining of laminin along the basement membrane is characteristic of healthy muscle fibers. Immunostaining with laminin antibody disclosed deterioration and shrinkage of muscle fibers in OVx animals, and miR-672-5p mimic not only enhanced muscle fibrillar architecture, as shown by the stable staining of laminin, but also enhanced muscle fiber size compared with OVx animals ( Figure 5G ). Evaluation of atrogin-1 expression was also done using immunohistochemistry and showed an enhanced staining in muscles of OVx mice, whereas miR-672-5p mimic displayed a reduction in its level (Figure 5H ). Corroborating to sarcopenia in OVx animals, the expression of myogenic differentiation-1 (MyoD) was decreased compared with www.moleculartherapy.org sham, and miR-672-5p mimic partly reversed the expression (Figure 5I ). This data is consistent with previous reports. 18, 25 Furthermore, augmented expression of muscle atrogenes, which stimulates protein catabolism and negatively affects muscular health. We noticed that there was an increase inatrogin-1 ( Figure 5J ) and Murf-1 ( Figure 5K ) in OVx mice compared with sham, and the expression of atrogenes was decreased in miR-672-5p mimic (Figure 5J and 5K) . Expression of MyoD, atrogin-1, and Murf-1 was also assessed at the protein level ( Figure 5L ). These findings indicate that miR-672-5p overexpression reduces the atrophic characteristics of OVx mice.
DISCUSSION
We had recently identified potential miRNAs that regulate the lactation-to-weaning phase. Weaning phase is considered to be the anabolic window in terms of bone formation, as compared to lactation phase, where tremendous amount of bone is lost. miRNA profiling showed the differential expression of eight out of a total 4,716 detected miRNAs at the time of weaning, and the expression of five miRNAs (miR-672-5p, miR-874-3p, miR-451, miR-212, and miR-327) was increased, whereas three miRNAs (miR-204, miR-322-3p, and miR-664) were reduced. 12 This profiling urged that hitherto unacknowledged miRNAs were probably required in skeletogenesis during a physiologically critical reproductive window. Thus, we examined directly the effect of regulating the expression of one of these miRNAs, miR-672-5p, using particularly designed mimics and inhibitors. Of note is that a recent study reported that the expression of miRNA-672-5p is reduced in colon cancer with tumor progression, 26 and colorectal or colon cancer is related to muscle wasting and usually accompanied by bone loss. 27 Expression of miRNA-672 is also downregulated in X chromosome-linked muscular dystrophy (mdx) mice, a popular model for studying Duchenne muscular dystrophy. 28, 29 These studies prompted us to study the effect of miR-672-5p in bone and the simultaneous effect on skeletal muscle. We noticed that miRNA-672-5p mimic transfection in osteoblast precursor cells promoted cell differentiation into a mature, mineralizing phenotype, and this was followed with enhanced expression of Runx2, BMP2, and Smad1, the osteogenic genes. Moreover, this effect was intervened through mimic-induced osteoblastogenesis and Runx2 expression; both were dependent on Smurf1 suppression. This is anticipated since there is previous confirmation for an interaction between miRNAs, Smurf1, and Runx2. For example, Runx2 can positively be modulated by miR-15b, which, in turn, inhibits Smurf1 to increase the expression of Runx2 and promotes osteoblast differentiation. 30 Similarly, we propound a pathway in which miR-672-5p decreases the expression of Smurf1 to increase Runx2 expression and osteoblast differentiation.
Of note is our result that expression of BMP2 is also modulated similarly, which is consistent with miR-15b-induced suppression of Smurf1, followed by enhancement of bone formation. 30 It is already known that BMP2 promotes Runx2 acetylation and inhibits Smurf1/2-mediated degradation of Runx2, whereas for the deacetylation of Runx2, Smurf1/2 permits the protein to face Smurf-mediated degradation. 30, 31 Thus, we speculate that the inhibition of Smurf1 by miR-672-5p improves Runx2 acetylation, followed by BMP2-induced osteoblast differentiation.
The possible anabolic function of miR-672-5p was investigated in the in vivo system of 12-week-old female BALB/c mice in which the skeleton encountered active modeling. OVx or sham-operated mice were injected with either mimic (miR-672-5p), miR-C or PBS (as vehicle) intravenously through the tail vein, intermittently over 6 weeks. Mimic treatment inhibited loss of trabecular bone and enhanced bone strength in OVx mice as well as in the sham-operated mice. Notably, ex vivo cultures of osteoblast derived from BMCs from mimic-treated mice not only indicated confirmation of augmented osteoblastogenesis, mineralization, the formation of Cfu-ob, and the expression of BMP2 and Runx2, but also decreased Smurf1, necessarily corroborating our in vitro data. Thus, these results reveal a potential anabolic target for miR-672-5p. Since miR-672-5p is upregulated during weaning, it is plausible that it plays an important role in increasing skeletal mass following pregnancy and lactation.
The most recurrent metabolic abnormalities noticed after menopause include high fracture risk and muscle wasting. 32 In OVx mice with osteopenia, we demonstrated that miR-672-5p overexpression partly reversed trabecular bone mass, microarchitecture, and strength at femoral and vertebral column site, which represents the most prone sites for fractures in post-menopausal women. Longitudinal analysis using miR-672-5p mimic in osteopenic mice showed a gain of trabecular bone as well as partial restoration of OVx-induced sarcopenia, which are now progressively accepted as importantly modulating skeletal homeostasis. 33, 34 Post-menopausal women's lower lean body mass is correlated with high chances of hip fracture. 35 Because it has been reported that miRNA-672-5p is reduced with tumor progression in colon cancer, which is related to muscle wasting and usually accompanied by bone loss. 26, 27 miRNA-672 is also downregulated in mdx mice, a , and BMP2 (F) and protein expression (G) (western blotting) of Smurf1 (ab38866-Abcam; 1:1,000), Runx2 (ab76956-Abcam; 1:1,000), and BMP2 (ab14933-Abcam; 1:1,000) in osteoblasts from sham-operated (Sham) or ovariectomized (OVx) mice that were given PBS (0.2 mL), scrambled miR (miR-C, 7.0 mg kg À1 ), or miR-672-5p (7.0 mg kg À1 ). b-actin (sc-47778 Santa Cruz Biotechnology; 1:500) was taken as loading control. Secondary antibodies (either anti-rabbit or anti-mouse; 1:10,000) were HRP conjugated (Sigma-Aldrich). Data are mean ± SE. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the PBS-treated group. See also Figures S2D-S2F for in vitro actions of microRNA-672-5p on osteoclastogenesis from bone marrow cell cultures. (G and H) Immunostaining for laminin (G) and immunostaining for Atrogin-1 (H) (n = 3, magnification 40Â). mRNA expression (qPCR, in triplicate) of MyoD (I), Atrogin-1 (J), and MuRF-1 (K) and protein expression (L) (western blotting) of muscle differentiation marker; MyoD (MA1-41017-Thermo Scientific; 1:1,000), catabolic markers, atrogin-1 (ab74023-Abcam; 1:1,000), and muscle ring-finger protein-1 (MuRF-1, ab183094-Abcam; 1:1,000) from gastrocnemius muscles of indicated groups. b-actin (sc-47778 Santa Cruz Biotechnology; 1:500) was taken as a loading control. Secondary antibodies (either anti-rabbit or anti-mouse; 1:10,000) were HRP conjugated (Sigma-Aldrich). Data are mean ± SE. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the PBS-treated group.
popular model for studying Duchenne muscular dystrophy. 28, 29 In agreement with previous reports, we thought that muscle mass restoration in OVx mice by miR-672-5p could be a result of alleviating OVx-induced muscle atrophy. miR-672-5p attenuated OVx-induced destruction in myofibrillar architecture and abrogated changes in atrogenes and anti-atrophy factors, and the possible mechanism arose in the restoration of OVx-induced downregulation in muscle miR-672 expression. In conclusive summary, data suggest that miR-672-5p could restore both osteopenia and sarcopenia in a pre-clinical setup of post-menopausal osteoporosis and also suggest a pharmacologic option for the treatment of osteopenia and/or sarcopenia in post-menopausal condition. It is clear that protecting bone mass promotes survival in sarcopenia. Future studies are needed to determine whether strategies aimed at promoting bone formation can also improve outcomes and survival in sarcopenia.
MATERIALS AND METHODS
Chemicals and Reagents
The miRVana miRNA isolation kit, miR-672-5p mimic, and inhibitor were bought from Ambion (Life Technologies, USA) and BMP2 and P1NP ELISA from R&D Systems (Minneapolis, MN) and Elabscience (Houston, TX), respectively. Serum CK activity assay kit was from Abcam (Cambridge, UK). qPCRs were executed with the help of StepOne real-time PCR system and a TaqMan 5 0 nuclease probe method (Applied Biosystems), and U6 was used to normalize miRNA transcripts. 31, 36, 37 Calvarial Cell Culture For in vitro studies, about 5-10 calvaria were collected from 1-to 2-day-old BALB/c mouse pups. In brief, the individual calvarium was surgically separated from the skull. Sutures were separated, and adherent soft tissue material was removed by gentle scraping. Isolated calvariae were pooled and kept for repeated digestion (15 min/digestion) with 0.1% dispase and 0.1% collagenase P enzymes, which were used to release the cells. The supernatant collected from the first digestion was discarded, and then cells from the next three to four digestions were pooled and cultured in a-MEM (a modified essential medium) supplemented with 10% fetal calf serum (FCS) and 1% penicillin-streptomycin at 37 C in a humidified atmosphere of 5% CO 2 and 95% air. Calvarial cells were permitted to grow 70%-80% confluence for the experiments. 38 
ALP and Mineralization Assay of BMCs
After the treatment periods, BMCs from the long bones of mice were collected in osteoblast differentiation medium containing 10 À7 M dexamethasone. BMC culture was continued for 21 days, and the medium was refreshed once every 48 h. At the end of the BMC culture, ALP activity was estimated at 405 nm, and alizarin Red-S was used to stain mineralized nodules and quantified at 405 nm. 38 
Analysis of miRNA Target Site Prediction
In silico screening studies of the putative targets were carried out for miRNA-672-5p using TargetScan and miRBase bioinformatics tools by searching for the presence of sites that match the seed region of miRNA. 39, 40 
Transfection in Osteoblast Cells
Transfection studies with miRNA-672-5p mimic and inhibitor or siRNA were done into mouse calvarial osteoblast cells at 50%-60% confluence with reduced-serum and antibiotic-free OptiMEM with the help of transfection agent Lipofectamine (Invitrogen). ALP activity, mineralization assay, and qPCR analysis were executed following protocols published previously. 41, 42 The sequences of primer sets used in this study are shown in the Supplemental Information (Table S1 ). Western blotting utilized an enhanced chemiluminescence system (GE Healthcare) according to the manufacturer's instructions. 31 For the luciferase reporter assay, pEZX-MT06 vector (wild-type 3 0 UTR of Smurf-1, catalog no. MmiT036100-MT06, GeneCopoeia) was co-transfected into osteoblasts. In addition, Runx2-Luc and Renilla luciferase vectors (catalog no. MPRM13038, GeneCopoeia) were also co-transfected for Runx2 reporter promoter assay, and luciferase activity was measured using a dual-assay luciferase kit. 41 Please see the Supplemental Materials and Methods for in vitro actions of miRNA-672-5p on osteoclastogenesis from bone marrow cell cultures.
In Vivo Studies
All animal care and experimental procedures were approved by the Institutional Animal Ethics Committee (IAEC) (approval no. IAEC/2017/F-235) and the Council of Scientific and Industrial Research-Central Drug Research Institute (CSIR-CDRI) and executed according to the regulations of the Council for the Purpose of Control and Supervision of Experiments on Animals, Ministry of Social Justice and Empowerment, Government of India. Female BALB/c mice (weighing 22 ± 2 g each) were housed in a 12-h/12-h light/dark cycle with controlled temperature (22 C-24 C) and humidity (50%-60%). 41 Standard rodent chow diet and water were provided ad libitum. 41 In vivo mimic of miRNA-672-5p, miR-C (control miRNA), or a comparable volume of PBS (0.2 mL, as vehicle) were administered intravenously through tail vein with the help of an anionic liposome (Invivofectamine 3.0, Life Technologies), which enables the fusion of the liposome-nucleic acid complex with the cell membrane and subsequent uptake by endocytosis. 12 mCT analysis was performed using a SkyScan 1076 CT scanner (Aartselaar, Antwerp, Belgium). In brief, long bones (femora and tibiae) and vertebrae were scanned at a nominal resolution of 18 mm. One hundred projections at an angular range of 180 were obtained, and reconstruction of the image slices was done using a modified Feldkamp algorithm (according to Sky Scan Nrecon software). mCT parameters, including BV/TV (%),Tb.Sp (mm), Tb.N (mm À1 ), Tb.Pf (mm À1 ), SMI, and Conn.Dn, mm À3 were calculated. vBMD analysis of the femur, tibia, and vertebrae was done using mCT by following the previously published protocols. 43 For bone biomechanical analysis, femora and vertebrae of different groups were used in three-point bending and compression test, respectively, using a bone-strength tester (model TK-252C; Muromachi Kikai, Tokyo Japan). 41, 42 Values of power, strength, and stiffness were calculated to check bone biomechanical properties. In addition, analysis of qPCR and western blotting for bone and muscle tissues was done as described above. 31, 41, 42 To assess lean mass, mice were scanned using EchoMRI-500 (EchoMRI, Singapore) according to manufacturer's protocol. 18 
Bone Histomorphometry
Bone formation was evaluated with double fluorochrome labeling by injecting calcein (5 mg/kg) on the 15th day of the treatment and second days before autopsy into all groups of mice. MS/BS, MAR, and BFR/BS in femur (undecalcified section of 50 mm) was determined with the help of fluorescence imaging and Leica-Qwin software (Leica Microsystems, Buffalo Grove, IL). 12, 44 To assess BS/TV (ratio of the segmented bone surface to the total volume of the region of interest), undecalcified sections (5 mm) were obtained from femur bones embedded in polymerized methyl methacrylate and stained with GT. 44, 45 BS/TV (mm 2 /mm 3 ) was assessed using Bioquant Osteo Software (Bioquant Image Analysis, Nashville, TN, USA). Please see the Supplemental Materials and Methods for histological examination of the femur for osteoclast numbers and bone resorption surface estimates for in vivo experiments.
Immunohistochemistry of Bone
Immunohistochemistry was done to check the expression level of Smurf11 and Runx2 in the trabecular region (decalcified section; 5 mm) of distal femur metaphysis. Femur bones were fixed in 4% paraformaldehyde in 0.1 M PBS (pH 7.4) and decalcified by immersion in decalcifying solution lite (Sigma-Aldrich, St. Louis, MO, USA) for 1 week and embedded in paraffin. Longitudinal bone sections were then blocked by 5% goat serum for 1 h at room temperature and incubated overnight with the primary antibodies (Smurf1, ab38866-Abcam, 1:100 dilution; Runx2, ab76956-Abcam, 1:100 dilution). Sections were then incubated with Alexa Flour 488 (Invitrogen, USA) and Cy3 (Sigma-Aldrich, USA) secondary antibodies in 1:200 dilution for 1 h at room temperature. Sections were washed with PBS and mounted with ProLong Gold Antifade Mountant with DAPI (Life Technologies, USA). Fluorescence was captured using a fluorescent microscope (Eclipse 80i, Nikon, Tokyo, Japan) with the aid of appropriate filter. 46 
Histology and Immunostaining of Muscle Tissue
Study of histological and immunofluorescence analysis of muscle tissues was performed as detailed previously. 47 In brief, gastrocnemius muscles were collected and kept for 4 to 8 h in chilled PBS, followed by the transfer of the tissues in 30% sucrose PBS solution at 4 C till they reached to the bottom. Then, muscle tissues were embedded in optimal cutting temperature (OCT) tissue-freezing medium, followed by cryosectioning at À21 C using a Cryotome FSE Cryostat (Thermo Scientific). 7-mm-thick tissue sections were obtained on poly-Llysine-coated slides, air-dried at room temperature, and used for H&E staining and immunostaining. For H&E staining, rehydration of sections was done in PBS for 10 min, followed by fixing in 10% formalin for 3 min, and staining of sections was done with H&E, followed by mounting of slides with distyrene, plasticizer, and xylene (DPX). Stained sections then were examined under a microscope.
Cross-sectional area and Feret's diameter of the muscle tissues were quantitated using ImageJ software (NIH, USA). For immunostaining of muscle tissue, in brief, cryosections were fixed with 4% paraformaldehyde in cold PBS and permeabilized with 0.5% Triton X-100 for 20 min at room temperature. Sections were washed with PBS and then blocked with 10% BSA for 30 min, followed by incubation with primary antibodies (Atrogin-1, ab74023-Abcam, 1:100 dilution; Laminin, ab11575-Abcam, 1:100 dilution) for overnight at 4 C. Sections were, the next day, washed with PBS and incubated with Alexa Flour 488 (Invitrogen, USA) and Cy3 (Sigma, USA) secondary antibodies in 1:200 dilution at room temperature for 1 h. Slides were mounted with antifade DAPI using coverslips. Sections were then examined using a fluorescence microscope (Eclipse 80i, Nikon Corporation, Tokyo, Japan).
Biochemical Assays
N-terminal type 1 procollagen (P1NP) levels 18 and creatine kinase (CK) activity 48 in serum were measured using P1NP ELISA kit (Elabscience, Houston, TX) and CK activity assay kit (Abcam, Cambridge, UK) following manufacturer's protocol. In addition, levels of BMP2 were also checked in conditioned media collected during transfection studies with miRNA-672-5p following manufacturer's protocol. 12 
Statistical Analysis
One-way ANOVA was applied for experiments with multiple comparisons followed by Newman-Keuls test of significance with the help of GraphPad Prism v.5. Student's t test was employed for experiments with only two treatments.
